ABSTRACT: In this study we assessed the trophic ecology of bluefin tuna Thunnus thynnus larvae from the Gulf of Mexico, together with the co-occurring larvae of blackfin tuna T. atlanticus, bullet tuna Auxis rochei, and skipjack Katsuwonus pelamis, using both bulk-tissue stable isotope analysis (SIA bulk ) and compound-specific analysis of amino acids (CSIA AA ). Bulk nitrogen (δ 15 N bulk ) and carbon (δ 13 C bulk ) values differed significantly among species, suggesting partitioning of resources due to an adaptive process allowing these tunas to share the ecosystem's trophic resources during this early life period. K. pelamis had the largest isotopic niche width, likely due to piscivorous feeding at an earlier age compared to the other species, with an isotopic niche overlap of 17.5% with T. thynnus, 15.8% with T. atlanticus, and 31.2% with A. rochei. This trophic overlap suggests a mix of competition and trophic differentiation among these 4 species of tuna larvae. Higher nitrogen isotopic signatures in preflexion versus postflexion larvae of T. thynnus measured using both SIA bulk and CSIA AA indicate maternal isotopic transmission, as well as 'capital breeder'-like characteristics. In contrast, the nitrogen isotopic ratios of the other 3 species were similar between ontogenetic stages. These observations suggest different breeding strategies within the study area for T. atlanticus, K. pelamis, and A. rochei compared to T. thynnus. No significant differences were observed among the 4 species' trophic positions (TPs) estimated by CSIA AA , whereas a higher TP was observed for T. thynnus by SIA bulk . These differences in TP estimation may be attributed to discrepancies in baseline estimates.
INTRODUCTION
Tunas (family Scombridae) are epipelagic marine fishes that support lucrative commercial and recreational fisheries throughout tropical and temperate waters of the world (Block & Stevens 2001) . The tropical tunas Katsuwonus pelamis (skipjack) and Auxis rochei (bullet tuna) are found in warm equatorial ecosystems, while Thunnus thynnus (Atlantic bluefin tuna) is a temperate species (Fromentin & Fonteneau 2001) . The tropical−temperate tunas, including T. atlanticus (blackfin tuna), utilize mixed water masses for feeding and spawning (Teo & Block 2010 , Muhling et al. 2017 . Tagging studies have provided evidence that T. thynnus is highly migratory (Lutcavage et al. 1999 , Block et al. 2001 , Block et al. 2005 , De Metrio et al. 2002 , traveling long distances depending on their size (Rooker et al. 2007) . T. thynnus make extensive migrations from their cold foraging grounds in the North Atlantic, including the Scotian Shelf and Gulf of Maine, to either the Gulf of Mexico (GOM; western stock) or Mediterranean Sea (eastern stock) in order to spawn, with evidence for a high degree of fidelity to natal areas (Rooker et al. 2007 , Muhling et al. 2017 . Other smaller tuna species, such as skipjack and bullet tuna, are restricted to warm-water environments, and do not migrate to temperate, coldwater habitats as T. thynnus do. Despite their circumglobal distribution, adult foraging and spawning grounds of these species largely overlap (Reglero et al. 2014 ) and adults of these species are present in the GOM throughout much of the year (Block et al. 2005 , Teo & Block 2010 , Rooker et al. 2013 . A similar pattern in the spawning grounds has been observed for T. thynnus in the Mediterranean's Balearic Sea where this species concurrently spawns with A. rochei and T. alalunga . A. rochei spends most of the year in the region (Alemany et al. 2010) while T. alalunga forms a genetically distinct Mediterranean population (Davies et al. 2011) . Similarly, Luckhurst et al. (2001) observed that T. atlanticus recaptures were near the tagging locations, indicating little migratory movement in the GOM and the Northwest Atlantic.
The GOM is an ecologically important region for each of these 4 tuna species (Block & Stevens 2001) . It is considered the primary spawning ground for the western T. thynnus stock (Richards 1977 , Richards & Potthoff 1980 , although larvae of this species have been collected outside the GOM along the Yucatan , the Bahamas (Lutcavage et al. 1999 , Rooker et al. 2007 , Lamkin et al. 2014 , and most recently in the Slope Sea (Richardson et al. 2016) . During spawning events, T. thynnus adults target distinctive oceanographic conditions in the GOM (e.g. sea surface temperature and mesoscale eddies), suggesting that these habitats promote survival of the early life stages (Bakun & Broad 2003 , Teo & Block 2010 , Bakun 2013 , Muhling et al. 2013 . K. pelamis, T. atlanticus, and A. rochei also spawn in the GOM over a much longer time period than T. thynnus, generally spring through fall (Reg lero et al. 2014 , Muhling et al. 2017 ), compared to the more restricted spawning season during late spring for T. thynnus (Block et al. 2001 , 2005 , Teo et al. 2007 , Rooker et al. 2007 , Reglero et al. 2014 , Muhling et al. 2017 .
The prodigious swimming capabilities and migratory nature of tunas may allow offspring to be placed in favorable larval habitats, despite the potentially long distances between such regions and those best suited for the feeding and growth of adults (Bakun 1996 , Block et al. 2001 . The planktonic larval stage of these marine teleosts must survive in potentially food-limited waters (Bakun 2006 , Llopiz & Hobday 2015 , where very little is known regarding the primary processes influencing larval survival in oligotrophic spawning grounds.
Feeding ecology of larval tunas using stomach contents has been described globally (Llopiz & Hobday 2015) and along the Straits of Florida . Larval feeding for T. thynnus has been examined in the Mediterranean Sea (Catalán et al. 2011 , Uriarte et al. 2018 , 2019 and in the GOM , Tilley et al. 2016 , showing a predominant diet of copepods, copepod nauplii, appendicularians, and cladocerans, whereas other tuna larvae such as Auxis spp. and K. pelamis show a preference for appendicularians , Llopiz & Hobday 2015 . Appendicularians are an essential part of the larval tuna diet in the Pacific Ocean as well, functioning as a trophic link from ichthyoplankton to the microbial loop (Nakagawa et al. 2007 , Kodama et al. 2017 .
However, stomach content analysis only reflects a 'snapshot' of an individual's recently ingested prey and can be highly variable, requiring large sample sizes to statistically examine differences among species, regions, and/or time periods (Polis & Strong 1996 , Pinnegar & Polunin 1999 . Accordingly, the use of stable isotopes has become a widespread complementary method to stomach content analysis to elucidate diets and characterize trophic interactions in marine food webs (Post 2002 , Fry 2002 , Bode et al. 2007 .
Bulk tissue stable isotope analysis (SIA bulk ) of nitrogen (δ 15 N bulk ) and carbon (δ 13 C bulk ) has been used to determine energy sources, the flow of carbon to consumers in food webs, and the trophic positions of marine fishes (Peterson & Fry 1987 , Vander Zanden & Rasmussen 2001 , Post 2002 show limited isotopic fractionation with increasing trophic level, thereby allowing for the assessment of baseline carbon sources of organisms when the isotopic nature of the sources vary, often due to the variation of δ 13 C bulk among primary producers and their photosynthetic pathways (Peterson & Fry 1987 , Moncreiff & Sullivan 2001 , Post 2002 .
Despite the usefulness of SIA bulk in evaluating diet and trophic relationships, there are limitations that can, when not appropriately addressed, cause large ecological misinterpretations in estimating the trophic level. δ 15 N values increase (2−4 ‰) with each trophic level (Post 2002) , but this 15 N-enrichment factor varies by consumer species, physiology, and diet (e.g. Martínez del Rio et al. 2009 ). Also, in the planktonic food web, it is necessary to characterize the δ 15 N values of a known trophic position consumer as an ecosystem baseline (primary producers to primary consumers) to estimate the trophic level. However, the selection basis of baselines from plankton sizefractionated samples may present particular un certainties regarding prey to consumer preferences (e.g. Popp et al. 2007 ). Different nitrogen sources for primary producers can have different δ 15 N values that influence the nitrogen isotopic composition of consumers, yielding variable δ 15 N values spatially and temporally within an ecosystem that are un related to trophic position (Post 2002) . For example, primary producers in aquatic environments (e.g. cyanobacteria and algae) show spatial and temporal variability in their δ
15
N values because of their as similation of various nitrogen sources (atmospheric nitrogen fixation by diazotrophs or ammonium by recycled production) and the short lifespan of the organisms (McMahon et al. 2013) .
Alternatively, compound-specific isotope analysis (CSIA AA ) addresses the limitations of bulk SIA as it provides measurements of isotope ratios from individual amino acids (AAs) (Fantle et al. 1999 , Fogel & Tuross 2003 . Diet composition and metabolic processes are reflected in the carbon and nitrogen isotopes found in AAs, δ 15 N AA and δ 13 C AA (Boecklen et al. 2011) . Variations in metabolic processing between the C−N bonds result in discrimination between AAs, resulting in 2 categories when discussing δ 15 N AA : trophic and source AAs. Trophic AAs like glutamic acid (Glu) and alanine (Ala) undergo considerable isotopic fractionation relative to diet, while source AAs such as glycine (Gly) and phenylalanine (Phe) exhibit little to no trophic fractionation during metabolic processes (Bradley et al. 2015 , McMahon et al. 2015 . For δ 13 C AA , a similar scenario exists whereby values for non-essential AAs change considerably from diet to consumer while those for essential AAs do not (McMahon et al. 2010) .
Comparisons of trophic and source δ 15 N AA and essential and non-essential δ 13 C AA allow for estimations of primary production sources, which are reflected in variations among basal end-members, as well as greater resolution for trophic positions of organisms (McClelland & Montoya 2002 , Chika raishi et al. 2009 , Olson et al. 2010 , McMahon et al. 2010 . Moreover, CSIA AA can complement whole-tissue or whole-animal isotopic signatures, and can distinguish metabolic and trophic-level relationships in a food web from changes in isotopic compositions at the base of the food web (Fantle et al. 1999 , Mc Clelland & Montoya 2002 . One of the major advantages of the CSIA AA method is that the trophic position is estimated from 2 AAs from each individual, therefore characterization of the δ 15 N values of the ecosystem baseline or other organisms used as reference is not required (McClelland & Montoya 2002) .
In marine environments, some fish species spawn and feed in separate areas and different seasons, and energy acquired through foraging throughout the year is stored for later reproduction. These species are called 'capital breeders ' (Stephens et al. 2009 ). Other species, termed 'income breeders,' spawn using energy acquired locally throughout a protracted spawning season, allocating energy directly to reproduction (e.g. Anchoa mitchilli, Engraulidae) (McBride et al. 2015) . Recent studies using SIA bulk in tuna larvae in the Mediterranean Sea revealed differences between preflexion and postflexion ontogenetic stages as a consequence of the maternal transmission of their isotopic signature (Uriarte et al. 2016 ). This finding allowed for the development of a maternal isotopic transmission model of T. thynnus using preflexion isotopic signatures, which reveals information on trophic dynamics of the breeders (Uriarte et al. 2016) . Conversely, based on diet-switching feeding experiments, Tanaka et al. (2016) successfully demonstrated that Japanese anchovy Engraulis japonicus were income breeders because the δ 15 N bulk and δ 13 C bulk ratios in eggs closely followed the isotope ratios of the food of adult fish. Under this paradigm, Mei et al. (2018) applied SIA on the smallest larvae of 6 mesopelagic species, which revealed the dominant spawning strategy (breeder type). Taking into account breeding type (income or capital breeder) of fishes may allow interpretation of differences or similarities between the SIA bulk ratios measured in field-captured fish larvae (Tanaka et al. 2016 , Mei et al. 2018 ).
The GOM pelagic ecosystem is a large, complex, and highly integrated system that provides habitat for large predatory fishes like tunas. Early life history studies on the survival of tuna species can provide insight to the recruitment success of adults (Houde 1987 , Hare 2014 ). There have been some significant advances in the understanding of larval tuna ecology, though these studies mostly focused on T. thynnus (bluefin tuna, BFT) (Muhling et al. 2017) . Uriarte et al. (2018 Uriarte et al. ( , 2019 reported cannibalistic feeding behavior in the Mediterranean, Tilley et al. (2016) reported on feeding ecology in central GOM, and Domingues et al. (2016) reported on the varia bility of preferred environmental conditions in the GOM over time. Even with these advances, there still is limited knowledge of the trophic hierarchy and food web connections of larval tuna species in the offshore marine ecosystems of the Atlantic.
Here, we combined both SIA bulk and CSIA AA to evaluate the larval trophic ecology of 4 species of tuna in the GOM. We analyzed ontogenetic shifts in SIA bulk and CSIA AA , and measured their isotopic niche width and overlap to reveal the trophic inter actions, nutrient partitioning, and resource utilization among the 4 species. We then related SIA bulk and CSIA AA within each species to their spawning behavior to see if spawning strategy plays a role in the observed stable isotope patterns.
MATERIALS AND METHODS

Field sampling of larvae and zooplankton
A total of 76 stations were sampled aboard the R/V 'F. G. Walton Smith' between 28 April and 25 May 2014 in the northern GOM. Tuna larvae analyzed in this study were collected east of 90°W (Fig. 1 ) using similar methodologies described by Laiz-Carrión et al. (2015) . At each station, a 1 × 2 m (height × width frame) plankton net fitted with 505 µm mesh was towed in an undulating manner through the upper 10 m of the water column for approximately 10 min. Tuna larvae were sorted from the plankton samples immediately after retrieval of the net, and frozen in liquid nitrogen. A bongo net (25 cm diameter) was fitted with 200 and 55 µm mesh nets to target mesoand microzooplankton, respectively. The bongo net was towed for 5 min in a similar undulating manner from 0 to 10 m. A mechanical flowmeter (2030, General Oceanics) was placed in the center of all plankton net openings to calculate the volume of water filtered (m 3 ) by each net. Plankton from the 200 µm net (hereafter mesozooplankton) were divided into 2 aliquots using a Folsom plankton splitter, with half preserved in 95% ethanol, and the other half frozen at −20°C. The sample from the 55 µm mesh net (hereafter microzooplankton) was first poured through a 200 µm mesh sieve to remove larger zooplankton, collected on a 55 µm mesh, then frozen at −20°C. Each mesozooplankton and microzooplankton sample was freeze-dried for 48 h at −20°C, and weighed to the nearest 1 µg. Dry weight (DW) biomass values were standardized to mg m ) were collected at each sampling station using a Seabird SBE 9/11 Plus CTD profiler equipped with a dissolved oxygen sensor (SBE 43) 
SIA bulk
Four larval tuna species were selected for SIA bulk (see Fig. 2 ). Larvae were transferred from liquid nitrogen to a −80°C freezer. The subsequent handling and treatment of larvae are described in García et al. (2006) and Laiz-Carrión et al. (2013 . Body length was measured as standard length (SL) using the image analysis software ImageJ (National Institutes of Health, https:// imagej. nih. gov/ ij/) after the larvae were thawed at room temperature. Only larvae that measured between 4 and 8 mm SL were selected, to avoid yolk sac stages. Subsequently, larvae were dehydrated in a freeze dryer for 24 h. Larval DW (mg) was measured and stomach contents were removed. Dried larvae were packed in tin vials (0.03 ml) for SIA bulk . Stable isotope ratios of nitrogen (δ 15 N bulk and %N) and carbon (δ 13 C bulk and %C) were measured using an isotope-ratio mass spec trometer (ThermoFinnigan Deltaplus; www. thermoscientific.com) coupled to an elemental analyzer (FlashEA1112 Thermo- 12 C were ex pressed in conventional delta notation (δ), relative to the international standards atmospheric air (N 2 ) and Pee-Dee Belemnite (PDB), respectively, using ace tanilide as standard (Fry 2002) . The accuracy of the measurements for δ 15 N bulk and δ 13 C bulk were 0.18 and 0.20 ‰, respectively.
A mathematical correction of δ
13
C values for lipid content was performed for the corresponding plankton size fractions. An average of the 4 equations proposed by Logan et al. (2008) using the parameters of Thunnus thynnus muscle was applied for lipid correction in scombrid larvae, and with marine invertebrate parameters for micro-and mesozooplankton size fractions. The lipid correction models were applied to estimate a mean (± SD) correction value of 2.09 ± 0.53, 0.99 ± 0.13, and 0.61 ± 0.19 ‰ for larvae, micro-, and mesozooplankton, respectively. This procedure has been previously described by LaizCarrión et al. (2013 LaizCarrión et al. ( , 2015 . These values were used for the δ 13 C lipid correction in both zooplankton size fractions. For lipid correction of tuna larvae, the parameters of T. thynnus muscle were used from Laiz-Carrión et al. (2013 . Hereafter, δ 
Isotopic niche width and overlap
Isotopic niche analyses followed Suca & Llopiz (2017) and Suca et al. (2018) . Briefly, standard ellipse areas using the variance and covariance of δ 13 C bulk and δ
15
N bulk values were calculated with a sample size correction using the following equation:
where SEA C is the standard ellipse area corrected for sample size, SEA is the standard ellipse area, and n is the number of samples for a particular species (Batschelet 1981 , Ricklefs & Nealen 1998 , Jackson et al. 2011 . The overlap of these sample size corrected standard ellipse areas provides an estimate for isotopic niche overlap between species (Jackson et al. 2012) . Bayesian standard ellipse areas (SEA B ) and associated credible intervals were calculated as described in Jackson et al. (2011) . The mode and credible intervals were determined from 4000 estimated of SEA B using posterior distributions calculated from vague normal priors, combined with likelihood values formed from the isotope data. Isotopic niche widths and overlap analyses were conducted using the R package SIBER (stable isotope Bayesian ellipses in R) v.3.3.0 (Jackson et al. 2011 , R Development Core Team 2012).
CSIA AA
A total of 297 tuna larvae (3.6 to 9.6 mm SL) from the GOM (independent from larvae chosen for SIA bulk ) were selected for CSIA AA : 101 T. thynnus, 88 T. atlanticus, 34 A. rochei, and 74 K. pelamis (Table 1) . Larvae were pooled to attain the smallest weight that CSIA AA analysis requires (3 to 5 mg DW), according to their ontogenetic stage and SL (Table 1) . CSIA AA was performed using a Thermo GC-C-IRMS system (Stable Isotope Facility at University of California Davis), composed of a Trace GC Ultra gas chroma to graph (Thermo Electron) coupled to a Delta V Ad van tage isotope ratio mass spectrometer through either a GC/C-III (C analysis) or GC IsoLink (N analysis) interface (Thermo Electron), with a combustion at 1000°C with Ni / NiO / CuO catalyst. Compound identification support for the CSIA AA laboratory was provided by a Varian CP3800 gas chroma tograph coupled to a Saturn 2200 ion trap MS/MS (Varian; see Walsh et al. 2014 for sample treatment details).
TP based on CSIA AA for each tuna species (T. thynnus, T. atlanticus, K. pelamis, and A. rochei; TP CSIA ) was estimated only in postflexion larvae following the model proposed by Bradley et al. (2015) for teleost fish modified from Chikaraishi et al. (2009) :
Statistical analysis
One-way ANOVA (homogenous variance) was used to assess differences in environmental variables and δ 13 C and δ 15 N values among the tuna species. Differences in morphology (DW and SL) among species were tested using ANCOVA, with DW (logtransformed) or SL as a co variate. Larval developmental stage (pre-and postflexion) effect on isotopic signature was tested by 1-way ANOVA. CSI-A AA data were assessed by a 2-way ANOVA in which 4 species (T. thynnus, T. atlanticus, A. rochei, and K. pelamis) and AAs (nitrogen and carbon isotopic compositions) were the main factors, and treated as nominal independent variables. Analyses to test the normality (Kolmogorov-Smirnov) and to verify the homogeneity of variances were executed prior to ANOVA analyses. Logarithmic transformations of the data were made when necessary to fulfill the conditions of the ANOVA, but data are shown in their decimal values for clarity. Post hoc comparisons were made using a Tukey test. These results were generated using the Statistica v.7.1 (Statsoft) software package at a significance level of α < 0.05.
RESULTS
Environmental data
Among species, there were no significant differences in temperature, salinity, oxygen, fluorescence, maximum fluorescence at the deep chlorophyll maximum, at either the surface or 100 m among stations where larvae were collected. Further, no significant differences (ANOVA, F 3, 27 = 0.33, p > 0.05) occurred for the biomass of the micro-and mesozooplankton fractions, carbon and nitrogen composition (%), or their isotopic signatures (δ 13 C and δ 15 N) ( Table 2) .
Larval tuna cohorts: morphometric features comparison
The larval tuna samples selected for this study did not show significant differences in their size range (SL) (Fig. 2) . Their SL varied from 3.8 to 8.1 mm (mean ± SD: 5.89 ± 0.95 mm) in all samples of tuna larvae (n = 192) (Table 3) .
Dry weight at standard length was significantly higher for Thunnus thynnus and Auxis rochei than for Katsuwonus pelamis and T. atlanticus (ANCOVA, F 3,187 = 5.60, p < 0.05; Fig. 3 ). T. thynnus showed a significantly lower weight at length than the other tuna species (ANCOVA, F 3,187 = 6.54, p < 0.05). Significant differences were observed in DW among species (ANOVA, F 3,188 = 2.64, p < 0.05), with K. pelamis having a significantly greater DW at length than T. thynnus (Tukey's HSD, p < 0.05). Table 3 ).
The average δ 15 N by size class for the 4 species (Fig. 4) showed a decreasing trend in the early stages of development (preflexion) in the 4 species, until flexion occurs at approximately 5.5 to 6 mm. T. thynnus showed a significantly higher δ 15 N bulk signature than the other tuna larvae in every size class (ANOVA, F 11,179 = 2.56, p < 0.05), with highest values observed in the smallest T. thynnus larvae (4 mm size class; ANOVA, F 3,179 = 19.571, p < 0.05).
Larvae of the 4 species showed a greater δ 15 N average than the mesozooplankton and the microzooplankton fractions (baseline), which showed the lowest signatures (Fig. 5) (Fig. 7A) . We found significant differences between source and trophic δ We found significant differences between NEAAs and EAAs (Fig. 7B ) (2-way ANOVA, F 1,124 = 124.62, p < 0.001) among the 4 species. Significant differences were observed in Gly with lower values for K. pelamis than the other 3 species (Fig. 7B) 
Preflexion vs. postflexion stage isotopic signatures
Postflexion larvae were treated separately for both SIA bulk and CSIA AA analyses in order to avoid the maternal effect in preflexion larvae. The only species that showed significant differences between pre-and postflexion larvae SIA bulk was T. thynnus (ANOVA, 
TP comparison
Using SIA bulk with microzooplankton as a primary consumer baseline, T. thynnus had a significantly higher TP (mean ± SD: 2.76 ± 0.23, ranging from 3.73 to 2.22) than K. pelamis (2.41 ± 0.26, 3.01 to 2.00), T. atlanticus (2.30 ± 0.23, 2.66 to 1.90), and A. rochei (2.29 ± 0.20, 2.91 to 2.10) (Table 5 ). However, when TP was estimated by CSIA AA , no significant differences among species were observed (Table 5) .
DISCUSSION
This study indicates that the nutrient utilization of Thunnus thynnus, T. atlanticus, Katsuwonus pelamis, and Auxis rochei larvae varies among species throughout ontogeny. SIA bulk revealed differences in the isotopic niche width among the 4 species, indicating that postflexion K. pelamis and A. rochei utilize a broader range of nutrient sources than T. thynnus or T. atlanticus, likely stemming from the greater vertical range of K. pelamis and A. rochei and their dependence on appendicularians as prey . Further, while SIA bulk suggests that T. thynnus occupies a higher trophic position than the other 3 species, CSI-A AA indicates that this elevated trophic position could be affected by higher δ 15 N in source AAs, and thus T. thynnus does not truly occupy a higher trophic position. The maternal effect of higher source AA (Phe) and bulk δ 15 N values in preflexion than postflexion T. thynnus larvae, and the overall higher values when compared to the other 3 species, is likely a result of the 'capital breeder' strategy of T. thynnus, whereby energy used for gamete production was ob tained from foraging prior to spawning, and from a different location where spawning occurred. The use of CSI-A AA , particularly for calculating TP, highlighted how this effect can lead to apparent, yet inaccurate, trophic differences in the early life of tunas when comparing only SIA bulk values. Lipid composition analysis and lipid reserves utilization has also revealed a capital breeding strategy in the congeneric albacore tuna T. alalunga from the Indian Ocean (Dhurmeea et al. 2018) . Highest total lipids were found in the liver of albacore pre-spawners, which suggested they rely mostly on stored lipids for energy associated with reproduction (Dhurmeea et al. 2018) .
In this study, the 4 species of tunas (T. thynnus, T. atlanticus, K. pelamis and A. rochei) were observed in the same region -in the waters of the Loop Current and its associated eddies -where potentially enhanced primary production occurs, and thus creates a more favorable feeding habitat, despite suggestions of spatial partitioning among members of Thunnini , LindoAtichati et al. 2012 , Muhling et al. 2013 , Rooker et al. 2013 . Considering the similarities in their distributions, our stable isotope data revealed a degree of resource partitioning. C bulk revealed differences in food sources for both Thunnus species compared to K. pelamis and A. rochei (Fig. 6) . However, the CSIA AA results revealed that the higher δ 15 N bulk values in T. thynnus were primarily due to differences in source AAs and not trophic position, as δ
15
N AA values of source AAs (e.g. Phe) are higher in the T. thynnus postflexion larvae compared to the other 3 species (see Fig. 7 ). Therefore, caution is suggested with δ 15 N bulk results, because we cannot distinguish if a consumer's isotopic signature changes due to feeding interactions or variations in baseline isotopic signatures. Through CSIA AA we can resolve this shortcoming of SIA bulk analysis, as we (and others) have shown distinct potential in elucidating information about both nutrient sources and trophic interactions from a single organism (Mc Clelland & Montoya 2002 , Popp et al. 2007 , Chikaraishi et al. 2009 , Hannides et al. 2009 ).
Most indicative of trophic niche separation were carbon isotopic signatures, as the 2 Thunnus species (T. thynnus and T. atlanticus) had significantly higher δ
13
C bulk values than the other 2 tuna species (K. pelamis and A. rochei) (Fig. 5) . Since δ 13 C bulk signatures of consumers are determined by the δ
C bulk values of primary producers, lower δ
C bulk values may suggest a greater oceanic contribution to carbon sources (France 1995 , Takai et al. 2002 , Tanaka et al. 2008 , Laiz-Carrión et al. 2013 . However, there was considerably greater variability in the δ 13 C values of K. pelamis and A. rochei, suggesting that these species utilize a broader range of carbon sources (Fry & Sherr 1989 , Fry 2002 . Differences in δ 13 C bulk may stem from the documented differences in diets of these tunas, as K. pelamis and A. rochei are known to primarily consume appendicularians during their early stages (prior to becoming piscivorous), in contrast with the mixed but copepod-rich diet of T. atlanticus and T. thynnus . Appendicularians act as a short circuit of the microbial loop, and thereby may consume a broader range of carbon through their microbial consumption. This particular feeding mode may lead to regional variability of the carbon signature in appendicularians, and consequently their predators, as observed in this study (Azam et al. 1983 , Jaspers et al. 2015 . A second hypothesis for the differences in δ 13 C bulk range is the depth distribution of the larvae. Preliminary data indicate that δ 13 C bulk of particulate organic matter in the GOM is significantly depleted at the deep chlorophyll maximum compared to surface waters. These differences open the possibility that species with greater larval vertical distribution can feed on deeper zooplankton resulting in lower δ Table 5 . Trophic position (TP) estimates (mean ± SE) for postflexion tuna larvae in Gulf of Mexico, applying 2 different accepted models for bulk nitrogen stable isotope (δ 15 N bulk ) and nitrogen compound-specific stable isotopes of amino acids (δ 15 N AA ). Different letters next to the values indicate significant differences (p < 0.05) among species ues, which may be the case for K. pelamis and Auxis spp. ). Further investigation is needed to elucidate how the combination of both these hypotheses could explain differences in nutrient source utilization. Furthermore, K. pelamis showed the highest SEA B of the tuna larvae studied (Fig. 6B) . This large isotopic niche may be explained by the earlier display of piscivorous feeding in K. pelamis (Uotani et al. 1981 , Llopiz & Hobday 2015 ). Particularly, the broad range of δ 13 C bulk values in K. pelamis (Fig. 6A) could be explained by a mixture of piscivory and consumption of appendicularians, likely resulting in a broad range of carbon sources , Jaspers et al. 2015 . This is substantiated by the broad range in δ
C bulk values for A. rochei larvae, also a known consumer of appendicularians .
The estimations of the isotopic niche overlap (Fig. 6A ) suggest some competition among the species in postflexion larvae, in which a trophic niche overlap was observed between T. thynnus, T. atlanticus and A. rochei with K. pelamis (17.5, 15.8, and 31.2%, respectively) . The trophic niche of T. thynnus and T. atlanticus overlap (18.6 to 17.4%) mainly due to similarities in δ
C bulk values together with the differences δ 15 N bulk signatures, though this may be due to differences in baseline δ 15 N bulk utilization between species. The lack of overlap between A. rochei and T. thynnus suggests a higher trophic segregation. Diet data corroborate these differences, as A. rochei is primarily a consumer of appendicularians while T. thynnus has a mixed diet and attains piscivory at greater postflexion lengths , having shown a density-dependent cannibalistic behavior in the Mediterranean Sea (Uriarte et al. 2018 (Uriarte et al. , 2019 .
Trophic position estimates using CSIA AA (Bradley et al. 2015) indicated that T. thynnus TP (2.47 ± 0.06) was not significantly different from the other tunas. This contrasted with TP calculations based on SIA bulk , which, due to higher δ 15 N bulk values in T. thynnus relative to the other 3 larval tuna species, led to a higher TP estimate for T. thynnus. Phe δ
15
N AA values revealed differences in the source AA between T. thynnus and the other 3 species, and consequently the TP estimation based on δ 15 N bulk varied not only because of the trophic AA influence (Glu), but also due to differences in the source. We attribute these differences in TP estimation to discrepancies in δ Similarly, ontogenetic differences in SIA bulk values between pre-and postflexion tuna larvae are likely a result of maternal transmission of isotopes (Uriarte et al. 2016). Δ 15 N bulk values of T. thynnus during the early larval stage were higher than those of tuna species at the same stage. We applied the maternal isotopic transmission model to these preflexion larvae to estimate maternal isotopic signatures (Uriarte et al. 2016) and found the N isotopic values estimated (mean ± SD: 12.11 ± 1.83 ‰) were similar to those reported for adult T. thynnus in the GOM spawning area (approx. 11 to 13 ‰; see Butler et al. 2015 , Logan et al. 2011 . Uriarte et al. (2016) demonstrated under food-controlled experimental conditions that maternal signatures of T. thynnus were transmitted to the early larval stage, then gradually decreased during ontogenetic development until reaching a steady state with food sources after the postflexion stage. This hypothesis demonstrates the preflexion isotopic signatures close to adult fishes thereby reflecting the larval food sources in the spawning area.
Applying this reasoning, the SIA bulk differences between pre-and postflexion T. thynnus larvae in our results could be the result of 2 causes: adult T. thynnus breeders are feeding at a higher trophic level and/or that T. thynnus is a capital breeder and its gametes incorporate a baseline isotopic signature from another region (i.e. foraging area) that differs from the baseline signature of the GOM. Information on the lipid dynamics involved in reproduction suggests a capital breeding strategy for T. thynnus (Mourente et al. 2001) , and this hypothesis is also supported by our results obtained for CSIA AA , which showed significantly higher δ 15 N AA values in the source AA Phe for preflexion larvae than postflexion larvae, and higher than those of other species at the same stage. These results agree with the isotopic signatures previously reported for T. thynnus larvae and co-occurring tuna species on the Balearic Sea spawning grounds (NW Mediterranean: T. alalunga, A. rochei, and Euthynnus alletteratus) . Although results from stomach contents and lipid content analyses on T. thynnus support active feeding during the spawning season in GOM, primarily upon gelatinous zooplankton, cephalopods, and low-lipid teleosts, their energetic demands are un likely to be fully met and the reproductive potential is formed prior to this sustained feeding during spawning (Butler et al. 2015) . For the 3 other species of tunas in the GOM, our results suggest the adults obtained the energy necessary for reproduction in the same region they are spawning. However, our results by themselves cannot be used to distinguish an income breeding strategy from that of a non-migrating capital breeder. Grande et al. (2016) suggested an income breeding strategy for K. pelamis. Although no information is available for the T. atlanticus breeding strategy, a tagging study in the GOM showed evidence of subpopulations and minimal migratory patterns (Luckhurst et al. 2001) . We know that A. rochei are non-migratory, and are income breeders in the Mediterranean (Alemany et al. 2010) ; it is reasonable assume that this species also exerts an income breeding strategy in the GOM. Further comparative research on reproductive energetics is clearly necessary but, in accordance with Tanaka et al. (2016) and Mei et al. (2018) , our results suggest that SIA of larvae could be a potential tool to infer information on the type of breeding strategy.
The relationship between breeder and larval isotope signatures of each tuna species should be studied further by combining the analysis of isotope signatures of larval fishes and potential food sources in the natural environment. Although ontogenetic and diet rearing experiments have been performed for some tuna larvae (Miyashita et al. 2001 , Tanaka et al. 2010 , 2014 , Reglero et al. 2014 , Uriarte et al. 2016 , as well as analyses of isotope signatures in the field (Laiz-Carrión et al. 2013 , further experiments with aquaculture-reared tuna larvae are required to interpret and calibrate with field observations. In summary, the present study used 2 independent stable isotope analyses, SIA and CSIA AA , to elucidate early life trophic interactions among co-inhabiting tunas through determining their trophic niche and the overlap of their trophic niches. The δ 15 N bulk and δ 13 C bulk values were significantly different, indicating resource partitioning among species, where K. pelamis showed the greatest trophic niche overlap with the 3 other species. Conversely, both congeneric species, T. thynnus and T. atlanticus, showed the least overlap, indicating different feeding strategies between these species.
In addition, the transgenerational transmission of maternal signatures to preflexion stages recommends their segregation in further isotopic studies on larval trophodynamics. Lastly, the maternal isotopic signatures imprinted in preflexion tuna larvae through the confluence of SIA and CSIA AA techniques opens new research perspectives that may reveal trophicrelated information with respect to the breeding strategies of spawners.
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